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Abstract 
For the first time, in-process cryogenic cooling for Wire Arc Directed Energy Deposition (DED) 
and its influence on the microstructure and mechanical properties of Type 316L stainless steel 
is investigated. The in-process cryogenic cooling is applied with a liquid nitrogen cryogenic jet 
positioned behind the welding torch, targeting the material directly behind the melt pool during 
deposition. Compared with Wire Arc DED that is conducted with a regulated interpass 
temperature of 160°C, the crystallographic grain orientations of the deposit with in-process LN2  
cooling were found to be significantly more random, with high numbers of equiaxed grains 
generated. For the samples produced using in-process cryogenic cooling, the tensile tests 
resulted in a mean Young’s Modulus of 163 ± 51 GPa. This is significantly higher compared with 
samples produced using interpass temperature control which resulted in a mean of 72 ± 27 GPa. 
BS EN 10088-1 guidance for Type 316L specifies a Young’s Modulus of 200 GPa. The stiffness 
improvement with in-process cooling demonstrated in this research is a significant finding for 
the additive manufacture of parts by Wire Arc DED for structural applications in the architectural 





The high levels of heat input in wire arc additive manufacturing often leads to microstructures 
with large columnar grains [1]. This can induce anisotropic and unsatisfactory material 
properties. Several processes and strategies exist to refine the microstructure of wire arc DED 
parts [2]. One such method is modification of the feedstock with inoculation [3]; however, this 
changes the alloy composition and can increase feedstock cost. Other methods include 
additional surface modification processes such as rolling, or peening applied on an intralayer or 
interlayer basis [4]. However, these processes typically prolong the overall part build time as 
parts must be cooled to a certain temperature for the cold working mechanism to be effective. 
In contrast, cooling-based additional processes can eliminate any interlayer dwell times, whilst 
also providing preferential thermal boundary conditions suitable for grain refinement. In-
process cooling has been investigated using interlayer gas cooling [5], thermo-electric cooling 
[6], and immersion water-based cooling [7].  
This paper investigates the use of in-process cryogenic cooling applied locally behind the weld 
torch with Pulse Gas Metal Arc (GMA) based Wire Arc DED. This additional process, with greater 
cooling capacity and increased proximity to the melt-pool has the potential to change the 
thermal boundary conditions more significantly than the previously explored methods and, as a 
consequence, impact the developed microstructures and related mechanical properties.  
2. Materials and methods 
Thin-walls of approximately 100 mm in build height and 155 mm length in the travel direction 
were deposited using an ESAB Aristo 4004i welding power supply, 1 mm diameter wire and the 
Pulse GMA based wire arc DED process parameters of 2 m/min wire feed speed and 4.1 mm/s 
travel speed for each cooling condition. The configuration of equipment is presented in Fig 1a. 
The walls were built with a parallel path deposition strategy, with the interpass temperature 
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sensor (OMNI instruments, UK) shown in Fig 1b used to monitor the temperature of material at 
the weld start position. In-process cryogenic cooling localised to the melt-pool was implemented 
with liquid nitrogen (LN2) from a 3 bar pressurised, 180L Dewar (Statebourne Cryogenics Ltd, 
UK). The nozzle outlet as shown in Fig 1c was mounted behind the welding torch, via vacuum-
jacketed pipe and moved in tandem with the electric arc. The nozzle outlet as shown in Fig 1c 
was positioned a few millimetres above the building height with the LN2 nozzle angled to strike 
the deposit in the central region of the bead approximately 15 mm behind electric arc. This 
configuration ensured that the LN2 and the expanding gaseous N2 struck the surface of the 
deposit without expansion of gaseous N2 disrupting the arc.  
 
Figure 1 Schematic of the configuration of the wire arc DED equipment for the 160°C interpass temperature 
experiment a) during deposition b) in the interpass temperature monitoring position at the deposition start point 
and c) the in-process cryogenic cooling set up during deposition showing the LN2 jet angled behind the melt-pool. 
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Following deposition, the walls were sectioned, and samples extracted for Electron Back Scatter 
Diffraction (EBSD) analysis and tensile testing as shown in Fig 2. Standard metallographic 
preparation procedures as detailed in ASTM E3 were followed [8], and the dimensions of the 
tensile samples were in accordance with ASTM E8/E8M [9] with a 3.2 mm sample thickness. 
Uniaxial tensile tests were performed at room temperature using an Instron 3369, 50 kN load 
cell with an Instron 2630-106 clip gauge extensometer to record strain to estimate Young’s 
Modulus (E). An extension rate of 7 x 10-5 was used in the elastic deformation region. For imaging 
of the sample texture, a central region of the middle section shown in Fig 2 was scanned with a 
JEOL JSM-IT500 InTouchScopeTM with EBSD capability in the YZ plane.  Specimens were aligned 
such that the build direction points upwards, and the SEM images were taken at a similar height 
in the build direction to maintain consistency. The 100x and 2000x magnification images covered 
an area of 1250 by 971 µm (step size 4.00 µm) and 62 by 48 µm (step size 90 nm) respectively. 
TSL OIM AnalysisTM 8 software was used to analyse the results of the EBSD scans. 
 




3. Results and Discussion 
EBSD inverse pole figures (IPFs) highlighting grain orientation are presented in Fig 3. The 
interpass temperature control sample contains large columnar grains aligned to the build 
direction as shown in Fig 3a and b and are typical of those produced using Wire Arc DED [10]. In 
contrast, the in-process cooling produced sample shown in Fig. 3c, contains grains of reduced 
size and texture with a feathered morphology, which is more typical of microstructures reported 
for powder-laser DED [11]. Whilst Fig 3c covers a smaller area, Fig 3a shows distinct columnar 
grains, with no region containing diversity of grain orientations shown by the in-process cooled 
sample (Fig 3c). This indicates a fundamental localised change in grain nucleation and growth. 
This can be attributed to the change in direction of maximum thermal gradient, interrupting the 
dominant grain growth along the <100> easy growth direction. Rapid cooling of the melt-pool 
also promotes nucleation ahead of the solidification front and hinders grain growth [12].  For 
both processing conditions, the grains exhibited notable mosaicity with slight fluctuations in the 
colouration of IPF maps. This is representative of strain within the samples accommodated by 




Figure 3 Interpass temperature control a) IPF 100x mag b) IPF 2000x mag d) texture index and, in-process cooling c) 
IPF x2000 mag e) texture index. The reference direction for all IPF maps is the build direction (BD). 
The tensile testing allowed the yield strength and Young’s Modulus to be determined as shown 
in Fig. 4. It can be seen that the yield strength increases from 288 ± 22 MPa to 314 ± 16 MPa 
with the application of in-process cooling, whereas the elongation varied only marginally from 
41.1% ± 3.9% and 42.1% ± 5.2% respectively. The mean E of the cooled specimens (163 ± 51 
GPa) is significantly higher than for the specimens built with interpass temperature control (72 
± 27 GPa). As E varies with crystallographic orientation, it can be calculated using the elastic 
constants C11,C12 and C44 provided by Ledbetter for mono-crystalline Type 316 [14]. This 
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estimates E001 = 102 GPa, E101 = 196 GPa, and E111 = 280 GPa. As the cooled sample contains more 
randomly orientated grains,  E is closer to that expected of wrought plate material (200 GPa) 
[15] providing additional stiffness compared to the interpass temperature control sample, which 
is strongly aligned to the <100> build direction. However, E values in the <100> aligned sample 
were below the monocrystalline estimate of 102 GPa. Possible causes for this include the 
dispersion of fine oxide particles and high dislocation density prior to deformation caused by the 
process-induced residual stresses.  The greater scatter in E of the cryogenic samples can be 
attributed to the stochastic grain orientation at the necking point combined with the remaining 
large grains. The scatter in comparison to wrought material suggests that Wire Arc DED samples 
still retain a heterogeneous microstructure, despite the grain refinement achieved in the in-
process cooling case.  
 
Figure 4  Interpass temperature control and in-process cryogenic cooling a) E b) yield strength c) uniform elongation 
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4. Conclusions  
In this paper, the grain structure of Type 316L stainless steel produced by Wire Arc DED was 
analysed under the conditions of interpass temperature control and in-process cryogenic 
cooling. The metallurgical and mechanical properties were investigated with the conclusions  
summarized as follows: 
• In-process cryogenic cooling can be used to modify the as-built microstructure of wire 
arc DED parts. The cooled samples displayed finer, equiaxed grains of size and texture 
that was more typical of Laser-DED than a Wire Arc DED process. 
• A moderate increase in yield strength from 288 ± 22 MPa to 314 ± 16 MPa occurs with 
additional in-process cooling. 
• In-process cryogenic cooling increased E by 126% compared to the use of interpass 
temperature control by reducing the texture of grains aligned to the <100> build 
direction. The increase in stiffness with in-process cooling is a significant finding for 
Wire Arc DED parts for structural architectural and nuclear applications.  
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